Most of this lecture will be about a physiological dispute which began half a century ago and had lost most of its impetus before the end of the last war. I hesitated for some time before deciding to talk about it, but your invitation was an honour I did not want to refuse and I have reached the age when it is a great deal easier to recall the scientific past than to keep up to date with the scientific present. It has a bearing on physical medicine though it was primarily concerned with the physiology of muscle and nerve, which can be an exceedingly academic pursuit; there were medical issues involved, for the arguments concerned a method of measuring the degree and progress of disability arising from injury to the motor nerves.
Since the paralysis following nerve injury may last for months or years it is clearly an advantage to have some objective measurements to show how things are going. For the long-term assessment the patient's and the doctor's judgment will be enough: for the short term we have the recent developments of electromyography and electroneurography and these give valuable information (although the latter presupposes a nerve which can still conduct). But the method I shall discuss is much older: it is that based on what is called the 'reaction of degeneration' and it is the method of assessing the state of the motor system by the electrical stimulation of nerves and muscles.
It is a confused story with an unsatisfactory conclusion. Electricity has been used in medicine for upwards of two hundred years. Much of it must have acted as a placebo and some of it was not even electrical; however it was well known in the eighteenth century that the shock from a Leyden jar would make muscles contract and repeated shocks were sometimes used to improve the condition of paralysed muscles. There is an interesting letter on the subject written in 1757 by Benjamin Franklin to Dr John Pringle and pub-lished in the Philosophical Transactions of the Royal Society (1758, 50, 481) . It shows that even in those days the psychological reactions of the patient were not overlooked, at least by as shrewd a man as Franklin.
That, however, relates to the age of static electricity. The modern age, that of the electric current, dates from 1782 and I am glad that medicine still preserves the names of two of the pioneers who were responsible for it. For it began when Galvani made his experiments on the frog's leg in Bologna and its immense growth may be said to date from Faraday's experiments on induction, made in 1835 at the Royal Institution in Albemarle Street.
Galvani and Volta between them showed how to establish a steady flow of the fluid or force which was produced by friction and could be stored in a Leyden jar or a thunder cloud, and Faraday showed that starting or stopping a current would induce a current pulse in a neighbouring circuit. But Galvani had disagreed with Volta about the origin of the electricity which made the frog's leg twitch and the course of their dispute aroused great interest in its physiological effects.
It was well known that the shock from a Leyden jar would make muscles contract and it was soon established that starting or stopping a flow of current from a battery would do so, that the brief pulse from an induction coil was as effective, and that repeated brief pulses would give a sustained contraction. DuBois-Reymond's coil with the vibrating contact in the primary circuit became the standard instrument for physiological research in the second half of the century and most of our basic knowledge about the function of different nerves was discovered by its use. Now in 1859 Baierlacher observed that in a case of Bell's palsy the facial muscles would contract to a constant current but not to the brief pulses from an induction coil. Erb followed this up and established the rule that muscles in general, if they were paralysed by degeneration of their motor nerve supply, would react only to the constant or galvanic current, whereas those paralysed by central damage which left the motor nerve intact would react as readily to an induction coil as they would have done in a healthy subject. Faradism and galvanism were then of immediate service to neurology: if a muscle could be made to contract by the shocks from an induction coil it was clear that the lower motor neurone was intact.
In all this early period the physiologists had the whole nervous mechanism of the body to unravel and to a great extent they did so by stimulating or dividing the nervous pathways and observing the result. Throughout that period, however, a great many papers were published on what came to be known as muscle and nerve physiology. Most of the work dealt with the muscular contraction, though there were physically minded physiologists who examined the electric response, the rate of conduction and the action of the stimulus in causing excitation. One of the many problems in the background was that raised by the neurologists who used the 'reaction of degeneration'. Why would a faradic stimulus excite a muscle when its nerve supply was intact but not when the nerve fibres had degenerated?
Clearly the nature and action of the stimulus had to be worked out in more detail. It was known that a current would not stimulate unless it had an adequate intensity and flowed through the tissue for an adequate time, and that if the duration of flow was very short, a greater intensity was needed:-the time factor, shown by the relation between duration and strength, varied considerably from one tissue to anothera very brief current pulse would excite the frog's sciatic nerve but a much longer one was needed to excite the muscle of a snail.
Various theories of excitation were put forward, but none of them aroused much interest until 1908. Much more was then known about ionic movement and Nernst, the physical chemist, had turned his attention to the problem of electrical excitation. He wrote a paper suggesting that the essential condition for a stimulus to be effective was that the current must produce a definite concentration of ions at a semipermeable membrane within the tissue. The concentrating effect would be opposed by the diffusion of ions into the surrounding regions: in fact the conditions would be something like those involved in filling a bath with the plug left open, for the necessary concentration of ions would only be reached if the current brought up a sufficient number within a definite time. Nernst considered the effect of alternating currents of different frequencies and produced an equation relating thefrequencyofalternation to the intensity needed to give the effective concentration at the membrane at each pulse in spite of the diffusion away of the ions.
His paper was important because it gave a biophysical hypothesis definite enough to be tested by experiment. The equations he gave were tested with currents of different form and were found to be reasonably close to the mark; though the results never fitted the equation exactly, they did so over at least part of the range and, as Nernst had taken the simplest conditions, it looked as though a few subsidiary assumptions would make a formula which should fit everywhere.
It was already known that there were great variations in the speed of excitation in different tissues. Excitation and conduction were most rapid in nerve, slower in cardiac muscle, and very slow in the sluggish muscles of invertebrates. This raised no particular difficulty for Nernst's hypothesis, since various factors could affect the rate of ionic movement. But there was soon an unexpected difficulty which had arisen with the experimental results for the best known of all excitable tissues, the striated muscle fibre of the frog. The trouble was that in one laboratory the speed of excitation seemed to be as rapid in muscle fibres as in nerve and in another it seemed to be a good deal slower.
The point at issue turned on the curve relating the minimal strength to the minimal duration of the current which would excite. The relation has much the same form in all tissues and it had been explored empirically, before Nernst's paper, with stimuli from condensers of different capacity, alternating currents of varying frequency and rectangular pulses of current produced by switches operated mechanically (Weiss in fact had obtained curves for nerve in 1901, using a bullet fired from a gun to start the current by breaking one wire and to stop it by breaking another). With such rectangular pulses Weiss and afterwards Lapicque obtained curves which were all in moderate agreement with an empirical equation i=a+b/t where i is the intensity of the current, t is its duration and a and b are constants. The curve with this equation can be drawn if we know the least current which will excite when it is prolonged indefinitely and the duration at which this least current strength must be doubled, for these give a and b/a. The duration at whichthe strength must be doubled can therefore be used as a measure of the time scale: Keith Lucas called it the 'excitation time' and Lapicque introduced the special name 'chronaxie' as well as the term 'rheobase' for the least current a (Fig 1) . But Lapicque, at the Sorbonne, had found that the chronaxie of the frog's sciatic nerve was about 0 0003 sec and that the muscle gave the same value: at Cambridge, on the other hand, Keith Lucas found the same value of about 0-0003 sec for the sciatic but up to 0 01 sec for the sartorius muscle stimulated at the pelvic end where nerve fibres are absent. When he stimulated the muscle in the middle region he found sometimes the short and sometimes the long value, or a complex curve made up of two branches, one with the short time factor and one with the long (Fig 2) , and sometimes of three, one shorter even than that of the nerve. He concluded that the muscle fibres gave the long chronaxie and that the shorter value was given when the stimulus took effect on the intramuscular nerve fibres. He suggested that the shortest value might be that of the nerve endings since it was abolished by curare leaving only the slow curve characteristic of muscle fibre. Lapicque and Lucas realized that their results were different. They had discussed them in 1913 without resolving the discrepancy and Lucas had then turned to a different problem and I had the good fortune to be working with him. It was Lucas (1907) with fluid electrodes. Curve A is that of the intramuscular nervefibres ofthe toad's sartorius, B is that of the muscle fibres and C is a complex curve obtained by stimulating the middle region ofthe muscle great good fortune, for he brought a new outlook to the muscle and nerve physiology of that time. It had gone on too long on the same lines and was strangled by traditional conceptions and methods, strangled also, I think, because of its popularity as a subject for the practical instruction of medical students. Keith Lucas came of an engineering family and had a genius both for the design and construction of instruments and for the design and execution of biological experiments. But his great abilities were needed in the war and he was killed in a flying accident in 1916. Now Lucas's finding that a motor nerve had a much shorter time factor than its muscle gave an obvious explanation for Erb's 'reaction of degeneration'. Brief faradic stimuli applied to a human muscle will stimulate the nerve fibres at the motor point, but if these have degenerated the muscle fibres must be stimulated directly and will need currents of longer duration, the galvanic stimulus instead of the faradic. When I was a house physician at Queen Square in 1915 I thought it worth for human muscles withr pad electrodes over tibialis anticus. A with intact nerve supply, B during recovery from poliomyelitis, C after complete degeneration ofsciatic nerve (Adrian 1916) following this up and made various records of the strength-duration curve from human muscles with intact or degenerated nerves, using the convenr tional pad electrodes applied to the skin. The curves were of the usual form and I found, as I expected, that the chronaxie was much shorter when the nerve supply was intact (Fig 3) .
These results seemed to agree with the findings of Keith Lucas and I was not then aware that Lapicque would have had a different interpretation, but it was a tedious business to map the curve and it did not seem likely to give much more information than the usual clinical procedure. I did find that a muscle which had been denervated for some months would have a longer chronaxie than one denervated recently; that was not surprising though I thought it might be a useful guide to any treatment aimed at conserving the muscle.
After the war, however, the story became more complicated. Lapicque had continued his work and had developed a theory which could not be reconciled with Lucas's results. He rejected the idea that muscle and nerve had different time factors and questioned the evidence fromcurarized muscle. His view was that curare had a direct slowing effect on the muscle fibres and that this was, in fact, the reason why the muscle would no longer react to impulses from the motor nerve.
This was the basis of Lapicque's generalization. He called it the principle of isochronismthat an excitation could not be transmitted from one structure to another unless the time factor of the excitation process was of the same order in both. He believed that this principle had a wide application both for the central and peripheral nervous system. But there was still the discrepancy between the findings of Lucas in Cambridge and Lapicque in Paris and until this had been resolved the theory of isochronism made more headway in France than in England.
Another principle of wide application is that when two responsible scientists make similar experiments and get different results it is almost certain to be because they have used slightly different methods. An obvious difference in this case lay in the arrangement of the electrodes they had used, for Lapicque had used wires and Lucas had made a fluid electrode in which the current was concentrated in passing through a constriction which included part of the nerve or muscle-Soon there was evidence to show that this would account for the difference. Pratt, in the USA, had developed a very small 'pore electrode' (the forerunner of the micro-electrodes used nowadays) and Jinnaka & Azuma in Tokyo used one of this kind with a pore 10u in diameter to investigate the strength-duration curve. All the chronaxies they obtained with this electrode were very short, even when the pore was applied to the surface of a muscle fibre at a considerable distance from nerve fibres and nerve endings. This was disturbing news in Cambridge and Hallowell Davis, then in the laboratory, followed up their work by using pore electrodes ofvarious diameters. With these he obtained curves from muscle fibres with chronaxies ranging from the 00003 sec given by nerve to the much longer values given by Lucas's fluid electrode.
This explained the discrepancy but it also threw some doubt on the use of the chronaxie or the strength-duration curve as an index of the speed ofexcitation. In nerve fibres, unless the electrodes were close together, the value did not depend on (Watts 1924) . A, 'pore electrode' 0-011mm diameter, chronaxie 0-0002 sec. B, 'pore electrode' 0-07 mm diameter, chronaxie 0 0007 sec. C, Slot electrode, chronaxie 0-0028 sec the electrode arrangement, but in muscle it depended so much that no one value could be called characteristic.
Davis had to leave Cambridge with his experiments unfinished and the investigation was continued by Watts. He confirmed the dependence of the muscle chronaxie on the size of the electrode, though he was able to show that curare or degeneration of the nerve fibres made no substantial difference to the figures he obtained (Fig  4) .
Since the effect of different sized electrodes was found in muscle but not in nerve Davis and Watts concluded that it must depend on the size of the electrode relative to that of the tissue elements which were stimulated. At all events their experiments made it clear that with a large pad electrode applied to the skin over a denervated muscle the chronaxie would naturally be long, although much shorter values might perhaps be found with small intramuscular electrodes.
But I must leave the medical implications of their work until later. It did not settle the physiological controversy and I must deal with that as briefly as I can.
In 1926 Lapicque published a monograph reaffirming his contention that in every kind of excitable tissue the strength-duration curve has the same 'canonical' form with time relations indicated by the chronaxie, that if conduction is to occur from nerve to muscle the nerve and muscle fibres must not differ substantially in chronaxie, and that curare makes conduction fail because it lengthens the chronaxie of the muscle leaving that of the nerve unchanged. Though many of the chapters in his book are excellent reading Lapicque's treatment of the opposing arguments were not wholly convincing, at least to those of us who had worked under Lucas. (Rushton 1930) From 1930 to 1933 Rushton published a series of papers in which these opposing arguments were supported by new experiments specially designed to test Lapicque's contentions. He showed that the strength-duration curve often departed from the 'canonical' form, that the curves obtained from muscle might be simple or complex according to the nature ofthe electrodes and the direction of current flow (Fig 5) , and that curare could abolish conduction without giving any change in the time relations of the slow component. Lapicque made valiant efforts to meet Rushton's criticism but he had to lay down arbitrary rules for the measurement of the chronaxie and to maintain that false values were given if the rules were not followed.
Lapicque published two more monographs, in 1938 and 1946, and both are eminently readable, but neither of them succeeded in restoring the theory of isochronism to favour. It was based on the effects of curare in blocking conduction from nerve to muscle, and there was too much uncertainty about the evidence on this. Meanwhile the idea of transmission by acetylcholine was growing in favour and when it was generally accepted the concept of isochronism was no longer a living issue.
The biophysics and biochemistry of the excitation process have now been studied in far greater detail by techniques which reach almost to the molecular level. Some of this work may provide an explanation for the effect of electrode size on the chronaxie of muscle, though I am not aware that it has been directly studied and in any case it is scarcely relevant in the usual clinical testing with large electrodes applied to the skin.
We can still say confidently that, if the muscle stimulated by pad electrodes on the skin will react to a current pulse with a duration of the order of 0 0003' sec, some of its motor nerve fibres must be able to conduct, andthat ifit will notreact to aduration less than 0001 sec, the motor nerve has ceased to function. There are various electronic devices for producing currents of variable duration and intensity and the old faradic-galvanic apparatus or the bank of condensers can no doubt be replaced by a convenient box with two dials, one reading duration and the other intensity. With such equipment it should be a very easy matter to determine the chronaxie. It certainly gives information about the time factor and the name pays a deserved tribute to Lapicque. It should be a fairly easy, though more lengthy, matter to plot other points relating strength to duration. This would no doubt be preferable, for the points might lie on a complex curve and not all on the simple one expressed by Weiss and Lapicque's equation. In such a case the chronaxie measurement alone would have little value. In the two papers which I published over thirty years ago I thought that the study of these complex curves might be a valuable guide to prognosis and treatment. I was mistaken, for it was soon clear that there are too many variables to control. The results can be greatly affected by the nature of the stimulating electrodes and the direction of the current flow within the muscle. Much more research would be needed before the information would be really worth having.
At the moment, therefore, it seems to me that the newer methods of investigating muscle and nerve in the human subject are far more likely to be of clinical importance than the classical method which recalls Faraday and Galvani. But it is dangerous to predict the course of medical research and I am quite willing to be mistaken again.
